Cell membranes contain hundreds of different proteins and lipids in an asym-17 metric arrangement. Understanding the lateral organization principles of these complex mixtures 18 is essential for life and health. However, our current understanding of the detailed organization 19 of cell membranes remains rather elusive, owing to the lack of experimental methods suitable for 20 studying these fluctuating nanoscale assemblies of lipids and proteins with the required spatio-21 temporal resolution. Here, we use molecular dynamics simulations to characterize the lipid envi-22 ronment of ten membrane proteins. To provide a realistic lipid environment, the proteins are em-23 bedded in a model plasma membrane, where more than 60 lipid species are represented, asym-24 metrically distributed between leaflets. The simulations detail how each protein modulates its 25 local lipid environment through local lipid composition, thickness, curvature and lipid dynamics. 26 Our results provide a molecular glimpse of the complexity of lipid-protein interactions, with po-27 tentially far reaching implications for the overall organization of the cell membrane. 28 29 3
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Introduction 30 Lipids and proteins are the major components of all biological membranes, which play cru- 31 cial roles with respect to the structure and function of the cell. The hydrophilic headgroup and 32 the hydrophobic acyl tails of lipids allow their assembly into lamellar structures, thus separating 33 the interior from the exterior of the cell, as in the case of the plasma membrane, or segregating 34 different intracellular compartments from the cytosol. Membrane proteins carry out a large varie- 35 ty of functions. Integral membrane proteins can act as receptors, involved in signal transduction, 36 or as channels or transporters, thus involved in the transfer of solutes from one side of the mem- 37 brane to the other. Membrane proteins can also promote the interaction between cells, intracellu-38 lar compartments or large macromolecular complexes, or can act as enzymes. 39 A complex lipid-protein interplay takes place in the membrane. [1] [2] Lipids do not simply pro- 40 vide the matrix were proteins are embedded but can actively participate to the regulation of pro- 41 tein activity, trafficking and localization. 2 Proteins, on the other hand, do shape lipids by induc- 42 ing membrane deformations and lipid sorting mechanisms. [3] [4] The complexity of such interplay is 43 also a consequence of the large variety of lipid types and their asymmetric distribution found in 44 biological membranes. 2 Thus, lipid-protein interplay occurs via multiple mechanisms, which in- 45 clude interactions that can be (i) specific, where a clear binding site for a given lipid or 46 headgroup can be identified, or (ii) non-specific, where lipids act as a medium and physical 47 properties like thickness, fluidity, or curvature regulate protein function. 4-5 48 The characterization of lipid-protein interactions provides crucial details for a better under- 49 standing of the biological activity of a given membrane protein. In the last few decades, several 50 experimental and computational techniques have been used to answer questions related to the 51 identification of lipid binding sites on the protein surface, the type of lipids found associated with 52 the protein, and how such lipids influence protein function. 6 X-ray crystallography and electron 53 crystallization have identified a number of lipids strongly bound to proteins as these lipids have 54 to survive the crystallization process. 7-10 Lipid binding to membrane proteins and the local lipid 55 composition in proximity of the protein can also be studied using fluorescence methods. [11] [12] [13] Bio-56 physical studies of lipid-protein interactions have also used nanodiscs, discoidal membranes with 57 a diameter of 8-17 nm enclosed by helical scaffolding proteins, which allows controlling the 58 lipid composition. [14] [15] Recently, the application of detergent-free approaches that use specific 59 copolymers to extract proteins and native lipids into nanodiscs has provided a new tool to char-60 acterize the lipid environment of a given membrane protein. 16 Quantitative analysis and identifi-61 cation of native lipid species tightly associated with membrane proteins can be achieved via 62 mass-spectroscopy, where lipid-protein complexes can be solubilized in non-ionic detergents to 63 provide resistance to the electron spray ionization step, thus allowing for stable complexes in gas 64 phase. 17 These techniques focus on strong interactions and although some are qualitative, they do 65 not give high spatial resolution. 66 Computer simulations have also been extensively used to study membranes and membrane 67 proteins systems at an atomistic or near atomistic level of detail. [18] [19] [20] [21] [22] Such simulations describe in 68 detail the motion of lipids, proteins and other particles, as well as their interactions, providing 69 information on the structure, dynamics and thermodynamics of the system. Molecular dynamics 70 (MD) simulations that use coarse-grained (CG) models such as the Martini force field 23 are now 71 routinely applied not only to study physical properties of lipid bilayers, but also to investigate 72 specific and non-specific lipid-protein interactions (reviewed in 18, 23-25 ). Membrane proteins are 73 now simulated not only in controlled lipid environments that match the lipid composition used in 74 experiments, but also in more realistic bilayers that mimic the natural lipid environment. 25 A B C (GluA2) to 33-34 (e.g. AQP1) events per molecule (Table 2) , yielding rates that span from 5.2 x 366 10 6 s -1 (GluA2) to 6.8 x 10 6 s -1 (AQP1), similarly to a pure plasma membrane. 367 More in detail, many systems, e.g. AQP1 and Kv1. The average is calculated from the data collected for each of the four proteins of a given system. The corresponding standard 389 error is reported.
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Discussion
391
The function and mechanism of membrane proteins are modulated by lipid-protein interac-392 tions and dependent on membrane composition. AQPs, for example, are passive water channels 393 whose function is critical to control cell volume and water balance. Such proteins are found as- performance computing have allowed for a higher degree of complexity in the systems to simu-406 late. 22-25, 29-34 However, current limitations in this field still concern the tradeoff between com-407 plexity, timescale and statistical convergence of the results. Our approach considers four mole-408 cules of the same protein in a simulation system including a complex plasma membrane mixture, 409 to account for reproducibility of the lipid distribution around a given protein type. The system 410 size, although smaller compared to recently published studies, 30, 32 allows for longer simulations, 411 and was applied to explore the lipid organization for ten membrane protein types. We have tested 412 different simulation setups and length, and obtained similar profiles in lipid enrichment near the 413 proteins (Supplementary File 2, Table 1 - Table Supplements 1 The method (to be published) has been implemented in C language, and has been derived 597 from the numerical scheme described on a previous work that used MATLAB scripts, 124 given lipid type was calculated for three distance cut-offs from the protein, at 0.7, 1.4 and 2.1 633 nm. For a generic lipid type L, we first defined the ration of lipid L within a given cut-off LPC, SM, CER, PI, PIPs, GM) present within 0.7 nm from the protein, during the last 5 μs of 638 each simulation. For a given simulation system, which consists of four copies of the same pro-639 tein, the lipid shell composition was calculated for each protein, and then averaged over the four 640 protein copies. 641 The enrichment of the lipid L for a given cut-off x is then calculated from the following ratio: 
